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ABSTRACT Efficient parallel screening of combinatorial lib
raries is one of the most challenging aspects of the highthroughput (HT) heterogeneous catalysis workflow. Today, a
number of methods have been used in HT catalyst studies,
including various optical, mass-spectrometry, and gaschromatography techniques. Of these, rapid-scanning
Fourier-transform infrared (FTIR) imaging is one of the
fastest and most versatile screening techniques. Here, the
new design of the 16-channel HT reactor is presented and
test results for its accuracy and reproducibility are shown.
The performance of the system was evaluated through
the oxidation of CO over commercial Pd/Al2O3 and cobalt
oxide nanoparticles synthesized with different reducerreductant molar ratios, surfactant types, metal and surfactant
concentrations, synthesis temperatures, and ramp rates.
KEYWORDS high-throughput, FTIR imaging, screening, cob
alt oxide, CO oxidation

1 Introduction
Catalysis has had a tremendous impact on the chemical industry over the last century. It has been estimated that 90% of
chemicals are derived from catalytic processes [1] and about
90% of these processes include heterogeneous catalysis [2].
Despite the large number of catalytic processes, the discovery
and deployment of advanced materials from laboratory to application often take a considerable amount of time, typically
requiring 10–20 years, and often relying on trial and error [3].
High-throughput experimentation (HTE) has been shown
to accelerate the discovery and development of new catalyst
formulations and routes for desired products, while optimizing reaction conditions. Since the early 1980s, HTE methodologies have been shown to improve the success of research
and development (R&D) through the rapid synthesis and
screening of large material libraries [4–9]. HTE methodologies are capable of generating large datasets and populating

material properties and catalytic activities. However, existing HTE methodologies suffer from the lack of a widespread
adaptation of standards for materials synthesis, characterization, and data management. In 2011, the Materials Genome
Initiative (MGI) was launched by the US government to accelerate the discovery, development, and deployment of advanced materials, while reducing the cost of R&D [10]. In order to enhance the adaptation of standards and to positively
impact material discovery and commercialization, one of the
objectives of the MGI is to facilitate the sharing of HTE tools.
This is done by creating a searchable online database for
large library sizes and establishing HTE centers with on-site
synthesis, screening, and characterization capabilities [10].
Generating a common high-throughput (HT) database
requires the effective implementation of combinatorial workflows consisting of experimental design, material synthesis,
material characterization, and data collection processes [11].
The Dow Chemical Company, for example, has successfully implemented HT workflow through several automated
syntheses, testing units, and HT characterization tools. In a
recent study, they have shown that over 1000 catalysts were
synthesized and tested for their activity in propane oxidative dehydrogenation [4]. The data obtained from each workflow step is stored in a single database in order to effectively
screen materials and speed up the development process,
which fits well with the objective of the MGI [4]. In addition
to the establishment of an effective combinatorial workflow,
successful catalyst evaluation can be divided into a series of
steps that include a primary screening to discover promising
materials for the application of interest; a secondary, more
detailed investigation of the selected materials from the primary screening; and subsequent scaling-up and commercial
testing [5]. Previously in our group, HT screening methodologies were successfully applied to identify novel catalyst formulations for the catalytic cracking of military jet fuel (JP-8)
to liquefied petroleum gas. The approach combined a rapid,
qualitative primary optical screen via thin-film techniques,
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a series of quantitative screens using milligrams of powder
catalysts, and a final verification of the best samples using a
single-sample reactor [12].
Although HTE methodologies have been effectively used
to screen catalyst formulations, the implementation of combinatorial approaches to the development of heterogeneous
catalysis remains a challenge due to the dynamic nature of
the catalyst material. The performance of a catalyst typically
depends on many parameters associated with its structure,
composition, synthesis conditions, and deactivation, as well
as the binding strength of reactants and products of interest [12–15]. The optimization of this parameter space could
involve up to 3 000 000 parallel runs [9], which is not possible
to complete even using state-of-the-art HTE methodologies.
Both stochastic and deterministic methods have been proposed in order to reduce the size of the catalyst library and
decipher the quantitative relationship between parameter
space and catalyst activity. Of these methods, the most commonly used in HT analysis include design of experiments
(DOE), artificial neural networks, and genetic algorithms.
The details of these methods and their successful implementation to the HTE are described elsewhere [7, 16–22].
The challenges associated with the dynamic nature of the
catalyst and the large parameter space of catalyst libraries
can be overcome by developing sophisticated HT screening
tools that can predict catalytic activity rapidly and accurately.
Successful development of these tools often depends on the
design of parallel reactors, reaction conditions, and the capability of analysis equipment. To date, most HT screening
tools rely on optical, mass-spectrometric, and chromatographic techniques [9, 13, 23–25]. In the following section, the
details of several of these techniques are discussed briefly. In
addition, the Fourier-transform infrared (FTIR) imaging developed in our group is described and compared with stateof-the-art HT screening tools.

2 Brief overview of methodologies for the
screening of heterogeneous catalysis
Optical screening techniques in HTE include infrared (IR)
thermography, cataluminescence (CTL), laser-induced fluorescence imaging (LIFI), resonance-enhanced multiphoton
ionization (REMPI), and FTIR. Early studies have applied IR
thermography to determine catalyst activity based on the
radiation energy emitted by the catalyst surface. Radiation
energy is highly sensitive to the temperature on the catalyst surface, such that small temperature variations can be
picked up by the detector. IR thermography therefore allows
the catalytic activity of an exothermic reaction to be quickly
screened. For example, Olong et al. have used emissivitycorrected IR thermography to screen catalysts for low-temperature soot oxidation [26]. The relative heats of the oxidation reactions of up to 207 catalysts were analyzed in parallel. Due to the unpredictability of intimate contact between
soot and a catalyst, the accuracy of the data obtained in the
HT analysis was validated by conventional techniques such
as thermal gravimetric analysis (TGA). The results indicate
that the combination of Cu, Ce, Ag, and Co catalysts has the
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best performance for low-temperature soot oxidation in both
the HT and conventional experiments [26]. Despite the fast
response time of IR thermography in the preliminary screening of catalytic activities, the chemical composition of the
products formed during the reaction cannot be determined,
which inhibits a wide applicability of the technique [24–31].
Like IR thermography, CTL has been applied to screen
exothermic reactions, such as the catalytic oxidation of combustible gases [32]. The mechanism of CTL relies on detecting
the chemiluminescence emissions of a combustion reaction
occurring on a catalyst surface. The CTL intensity can be correlated with the catalyst activity [33]. Na et al. adapted CTLbased array imaging to monitor the CO oxidation activity of
Au- and Pt-supported TiO2 catalysts. One of the major advantages of CTL is that it can simultaneously provide a fast response time and evaluate the activity of catalysts at the temperature of interest. However, because the CTL responses of
each catalyst are not known, the catalytic activity of metallic
or bimetallic catalysts must be calibrated based on a second
analysis technique such as gas chromatography (GC) or mass
spectrometry (MS) [32].
LIFI is another optical technique that has been applied
to HT catalyst screening. The principle of LIFI relies on the
destruction or creation of chemical bonds that modify the
florescence properties of the molecule. As the Ar+ laser sheet
irradiates the area above the catalyst, the change in the fluorescence intensity of products and unreacted species over the
catalyst is detected by a charge-coupled device (CCD) camera,
which can provide both IR thermography and florescence detection. Unlike IR thermography, the florescence intensity of
species is linearly correlated and could provide information
about the relative activity change of a particular reaction. Su
et al. have employed LIFI and IR thermography in the HT
screening of binary vanadia-based catalysts for naphthalene
oxidation. They have shown that a library consisting of 15
catalysts can be screened in situ in 15 s. Due to their nature,
only fluorescent species can be detected using LIFI. In addition, the signal-to-noise ratio (SNR) is inversely proportional
to temperature due to increased blackbody emissions at high
temperatures [34, 35].
While the aforementioned optical techniques utilize truly
parallel HT approaches, REMPI spectroscopy has been used
in HTE in a sequential manner using automation approaches
[13, 36, 37]. In REMPI, a tunable ultraviolet (UV) laser beam is
used to ionize reaction products, which are detected through
an array of microelectrodes. This technique allows the researcher to analyze polyatomic molecules and radicals, and
to distinguish isomers in situ in the parts-per-billion range.
One of the drawbacks of this technique is that the suitable
laser frequency for many molecules is unknown, limiting the
applicability of this technique to catalyst screening [36, 37].
Senkan and Ozturk combined REMPI with microchannel array reactors to screen the dehydrogenation of cyclohexane to
benzene [37]. In total, 66 ternary combinations of Pt, Pd, and
In supported on alumina were tested in less than 5 h.
MS is a well-developed methodology that can be applied
to HT screening in order to analyze complex gas mixtures in
a sequential manner. Cong et al. utilized MS to investigate
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the catalytic oxidation and reduction activity of 120 noblemetal catalysts, deposited by radiofrequency sputtering onto
a quartz wafer. The samples were individually exposed to
a gas mixture through a custom-designed probe. Both reactants and products were sampled directly above the catalyst
and transferred to the mass spectrometer. Each sample was
analyzed sequentially within a minute. Through this approach, the researchers analyzed a 136-catalyst library in less
than 2.5 h [38]. Similarly, Senkan et al. coupled microreactor
arrays with capillary microprobe sampling and quadrupole
MS. The samples were analyzed in a sequential manner by
inserting the probe into each microreactor channel. The
analysis time required for each microreactor channel was
reduced to 5 s, which allowed the screening of 80 microreactor channels in about 10 min [39]. Wang et al. also proposed
MS for the analysis of effluent gas sampled through 80 reactors. Each reactor was connected to a stainless-steel capillary
tube and individually selected for analysis via an automated
80-stream valve. The reactor effluent was transferred through
a common sample port for analysis, with a sampling time of
8 s [40]. Although the sequential mode is typically fast
enough to allow the researcher to obtain time-on-stream
data, rapid deactivation processes may not be detected with
this methodology. Richter et al. have applied time-of-flight
MS to screen catalysts that are suitable for the selective catalytic reduction (SCR) of NO x by hydrocarbons under lean
exhaust conditions. In order to partially separate the reaction
species, that is, NO, N2, N2O, CO, CO2, and propane, from
each other, GC has been coupled with time-of-flight MS.
Reaction species coming from the 64-channel reactor were
sequentially analyzed, while all channels were permanently
on-stream. The entire library of 64 channels can be analyzed
in 2.5 h [41].
GC is another versatile characterization technique that has
been implemented to screen heterogeneous catalysts [42–49].
For example, Hoffmann et al. designed a 49-channel reactor
for the parallelized HT screening of methane oxidization
catalysts [44]. The reactors (inner diameter of 0.2 in, length
of 0.71 in) were placed inside the bore of a stainless-steel
flange. Gas was injected through a common inlet and passed
through a diffuser plate to prevent back-mixing. Two GC
setups, including a hot column and a cold column, were connected to a multiport valve via capillary tubes that were attached to the exit of each reaction channel. Using this setup,
42 different catalysts were sequentially analyzed for methane
oxidation at two different temperatures in three days [44]. In
addition, fast serial GC was used for the primary and secondary screening of oxidants for the direct amination of benzene to aniline [42]. A total of 25 000 samples per year were
screened via a 24-parallel-batch reactor at high pressure. In
our group, GC-MS was applied to the sequential screening
of catalysts for the catalytic cracking of JP-8 in an HT reactor
system consisting of a 16-channel reactor [12, 47]. The reactant gas feed is split into capillaries for flow equalization and
then individually separated to reactor channels. Unreacted
JP-8 and other hydrocarbons that exist in the liquid phase at
room temperature are removed from each reactor effluent in
a 16-channel parallel heat-exchange condenser. Product com-
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position is then sequentially analyzed via GC-MS. Throughout the project, more than 100 catalyst samples were screened
in less than six months and scaled up for the prototype development.
The major drawback in the application of GC to HTE is the
necessarily long sampling time, which ultimately limits the
usefulness of this technique in catalyst deactivation studies
and kinetic studies. One possible solution for screening multiple catalysts in real time is to apply a multiplexing methodology to HTE. Multiplexing has been successfully applied
to spectroscopy to enhance the duty cycle and SNR [48–52].
Trapp has applied this methodology to GC for the HT screening of effluents [48, 49]. In Trapp’s HTE approach, samples are
continuously admitted to GC by a six-port multiplexing injector through a pseudo-random sequence. The multiplexed
chromatogram involves overlapped chromatograms of all the
analytes sampled from different reactors. A Hadamard matrix is applied to deconvolute the time-shifted chromatogram
of each analyte. The retention times, peak widths, and peak
shapes of the analytes are determined in order to calculate
the actual concentration of each sample. Multiple reactors
can be connected to the multiplexing injector and effluents
are pulsed to the GC in milliseconds, decreasing the overall
sampling time significantly. Using an HT multiplexing GC,
one can sample up to 453 samples per hour with a time-bin
interval of 600 ms. In both sequential and parallel analyses of
GC spectra, multiple-channel electronic valves are typically
used at the exit of the reactors to select the particular flow for
analysis. This type of valve is limited in temperature, preventing its usage for high-boiling-point effluents.

3 Application of FTIR parallel imaging
Two major advances in FTIR instrumentation over the past
20 years have enabled its use as an HT screening tool in heterogeneous catalysis. First, the incorporation of focal-plane
array (FPA) detectors introduced an instrumental multiplex
advantage that was previously absent in conventional FTIR
systems. This advance facilitated the simultaneous collection
of spatial and spectral information, limited only by the number of pixels on the FPA [53].
Second, the collection time for FTIR imaging data was reduced by an order of magnitude by replacing the commonly
used step-scan spectrometer with a rapid-scanning spectrometer. Step-scan spectrometers typically achieve adequate SNR
by collecting several frames of light-intensity information
at each mirror retardation. These frames are then averaged
to provide each interferogram point. In the rapid-scanning
spectrometer scheme, data is collected continuously over the
range of mirror retardations and requires only a single frame
per interferogram point. In this way, the stabilizing time required for the mirror is avoided and the total acquisition time
is reduced [54–57].
A setup composed of the asynchronous rapid-scanning
FTIR spectrometer and FPA detector was first realized and
demonstrated in our group as a viable parallel imaging technique for multi-channel reactors [54–58]. The basic concept of
applying FTIR imaging to HT screening involves collecting
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thousands of interferograms simultaneously using the FPA
detector, which significantly decreases the time required to
acquire an FTIR image. For example, a spectral image with
4 cm–1 spectral resolution and a spectral range of 1360 cm–1
can be collected in only 34 s. Such an image will contain a total of 12 384 spectra, based on a 128 × 128 FPA detector [56].
Since its development, the HT-FTIR system has facilitated
numerous studies within our group. A notable example was
the optimization and development of alumina-supported Pt,
Ba, and Fe containing NOx storage and reduction catalysts
over a wide parameter space including catalyst composition,
feed composition, cycling conditions, and transition-metal
promoters. These studies led to the discovery of Co/Ba as a
highly effective and noble-metal-free NOx storage catalyst
[59–61]. Additional HT studies focused on the micro kinetics
of ammonia decomposition [62], the stability of small pore
zeolites in the NH3-SCR of NOx [63], promotional effects for
Ag-catalyzed ethylene epoxidation [64, 65], and several other
topics [66, 67].
The pioneering design of the HT-FTIR screening influenced other researchers. Kubanek et al. have improved the
degree of parallelization and designed a 49-channel reactor
implemented in a FPA-IR setup [68]. The gaseous reaction
mixture is introduced through one common inlet and split
into each reactor via a capillary bundle. The effluent gas from
the reactors is introduced directly into the analysis capillaries, in which the compositions of the effluents are analyzed
simultaneously by IR spectroscopy. The activity of different
catalysts for n-pentane hydroisomerization was reported
with a relative error of less than ± 20% [68]. Furthermore,
Chan et al. adapted the HT imaging approach to screen aqueous solutions and samples in contact with water using microattenuated total reflection (ATR) imaging [69–72]. They have
employed a single reflection diamond ATR accessory in connection with a 64 × 64 FPA detector, which allows IR spectra
to be measured with a small amount of sample at a variety
of temperatures. Due to the durability of the diamond ATR
accessory, high pressure can be applied to improve the contact between the samples and crystal, thereby reducing the
absorbance variations for the measurement. Using this setup,
40 samples of ibuprofen in polyethylene glycol formulations
were screened and the specific weight fraction of ibuprofen
in polyethylene glycol was determined in order to avoid its
dimerization [72].
In summary, rapid-scanning FTIR imaging has proven to be
an effective parallel characterization method as demonstrated
by the diverse sets of HT reaction studies carried out over the
last decade, both within our group and by other researchers.
FTIR can be used to identify gaseous and liquid species in the
mid-IR range and to quantify gas-phase concentrations in a
univariate or multivariate manner. The major limitation of HTFTIR is its applicability only to IR-active molecules.

4 16-channel HT reactor designs
The first generation of a 16-channel reactor was designed in
a honeycomb block structure that included an equal number
of heater and reactor blocks (Figure 1(a)) [73]. The second
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generation of our 16-channel parallel plug-flow reactor marks
several improvements over the first, including a more efficient catalyst loading/unloading process, improved temperature control, and an improved flow-distribution system. In
lieu of heating blocks, four ceramic radiant heaters (with an
inner diameter of 3 in and a height of 6 in) are used for the
new design (Figure 1(b)). Ceramic vestibules fit snugly into
the top and bottom of each furnace for optimum insulation
of the heated area. Since channel temperatures are controlled
in groups of 4 rather than 16, improved temperature distribution is achieved, in addition to the flexibility of running four
different reaction temperatures simultaneously. Four on-off
proportional-integral-derivative (PID) controllers are used to
control the power to each of the four furnaces, based on temperature readings from K-type thermocouples placed in the
center of each furnace. These temperatures are displayed on
an in-house-developed LabView® program alongside the 16
measured catalyst-bed temperatures.

(a)

Reactor

Heater

Blank

(b)
Figure 1. The HT reactor. (a) First generation; (b) second generation.

The 16-channel reactor apparatus, shown in Figure 2, features a stationary bottom plate and a moving top plate, which
can be lifted with a small winch system to quickly load and
unload catalysts. Typically, reactor tubes are preloaded with
between 50 mg and 500 mg of powdered catalyst, supported
on stainless-steel frits. The movable top plate is then lowered
to meet the reactor tubes. Flow is distributed equally among
the 16 channels using a network of concentric capillary spirals stemming from a central inlet line, all contained inside
a heated box. The outlets of this capillary box serve as the
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inlets to the 16 parallel fixed-bed reactors. For clarity, Figure
2 does not include the heated areas and the additional 15 reactor channels.

Thermocouple
Capillary
tube
Gas inlet
Reactor
tube

5 Case study: CO oxidation over cobalt oxide
catalysts

Catalyst
bed
Stainless
steel frit
Holding
tube

Gas exit
Figure 2. 16-channel HT reactor. Individual reactor design is shown on the left.

The HT-FTIR experimental setup (Figure 3) is comprised of
a Bruker Equinox 55 FTIR spectrometer and a 128 × 128 pixel
mercury cadmium telluride FPA detector (Santa Barbara Focalplane, Goleta, CA, USA) operated at 1610 Hz and sensitive
in the range of 4000–1000 cm–1. Spectra are typically taken
with 8 cm–1 spectral resolution. A set of refractive optical elements were paired with an in-house-developed gas-phase
array (GPA) sampling accessory [74]. Further details can be
found in Refs. [54–58]. The optical elements include a goldplated front-surface mirror, two ZnSe meniscus lenses for
beam spreading, and two plano-convex BaF2 lenses for beam
collimation. Between the two sets of lenses, the beam travels
through the GPA sampling accessory, which is comprised of
a bundle of 16 stainless-steel tubes (outside diameter of 3/8
in). Each end of the GPA is capped with 1.97 in × 0.12 in ZnSe
windows sealed with O-rings. The effluent gases from 16 reactor channels enter and exit the GPA through 1/8 in tubing
welded to the GPA tubes.
FPA
detector

Exit gas
BaF2 lens

Inlet gas
GPA

BaF2 lens

ZnSe lens

ZnSe lens
Exit gas

Spectrometer

Gold plated
mirror

Inlet gas

Figure 3. FTIR parallel imaging apparatus [66].

Data acquisition is controlled via an in-house-written
software. Each interferogram contains 3554 data points.
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The data collection process for one spectral image containing 128 × 128 interferograms at a FPA frame rate of 1610
Hz takes approximately 2 s. In order to improve the SNR,
typically 32 interferograms are collected and averaged in
under a minute. Subsequent data processing including the
elimination of bad pixels and the Fourier transform of the
signal is performed using an in-house-developed software
package [74]. Quantitative analysis of the resultant multichannel IR spectra proceeds analogously to that of traditional IR and can be performed in a matter of seconds using GRAMS/AI calibration and prediction software [75] to
yield effluent gas-phase concentrations.
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A case study has been conducted to show that rapid-scanning FTIR coupled with the HT reactor can be used to resolve even small differences in catalyst performance introduced by varying synthesis conditions. We briefly discuss
how the DOE was paired with HTE to study the influence
of six synthesis conditions on the CO oxidation activity of
unsupported cobalt oxide nanoparticles. In total, the performance of 29 unique cobalt oxide catalysts was evaluated
in less than two days. Paired with the relative efficiency of
a six-factor designed experiment over its one-factor-at-atime analog, the total experimental time was decreased by
a factor of 50.
The cobalt catalyst library was prepared via the hydrothermal reduction of cobalt acetate with 1,2-dodecanediol. Synthesis parameters reported in the literature to influence the
size, morphology, and crystal structure of cobalt nanoparticles prepared with this method were varied at levels representative of the entire design space [76, 77]. Specifically,
the synthesis was carried out using 0.05–0.15 mol.L–1 cobalt
acetate and 0.05–0.25 mol.L–1 of either polyvinyl pyrrolidone
(PVP) or oleic acid surfactants in 30 mL of dibenzyl ether, at
a temperature of 240–270 °C and a ramp rate of 1–10 °C.min–1,
using reducer-reductant molar ratios from 2 to 8 (Table 1).
Factorial design of the experiments was employed in order to
systematically study these factors [78], and X-ray diffraction
studies were carried out to resolve the influence of the factors
on the bulk crystal structure of the particles. The crystalline
phase was determined for each sample based on the relationship between lattice parameters, miller indices, and d-spacing
for cobalt, and Scherrer equation was applied to approximate
crystallite size from peak broadening [79, 80]. Prior to catalytic testing, all samples were dried at 110 °C and calcined at 550
°C for 14 h in air to ensure complete oxidation to the spinel
structure, Co3O4. The post-calcination cobalt oxide grain sizes
ranged from 32 nm to 100 nm, as shown in Table 1.
A preliminary CO oxidation benchmark study was completed to quantify the overall measurement error associated
with the 16-channel apparatus. A mixture of 2% CO and 5%
O2 balanced with N2 was injected into each channel at a target
space velocity of 60 000 mL.h–1.g–1cat over a temperature ramp
of 100–300 °C. Each channel (except a single blank channel)
was loaded with 100 mg of commercial 1% Pd/Al2O3 catalyst
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Table 1. Synthesis conditions of Co3O4 catalysts tested.
Synthesis
temperature (°C)

Ramp rate
(°C·min–1)

Concentration of
surfactant (mol·L–1)

Metal salt
(mol·L–1)

R: Reducer/Co
mole ratio

Grain size
(nm)

T50
(°C)

Activity at 200 °C
(mL·(g-s)–1)

1

240

1

0.05

0.15

8

2

270

1

0.05

0.05

2

PVP

37

194

0.47

PVP

48

185

3

240

10

0.05

0.05

1.12

8

OA

49

203

4

270

10

0.05

0.72

0.15

2

OA

48

165

5

240

1

0.47

0.25

0.15

2

OA

48

6

270

7

270

1

0.25

0.05

8

OA

55

168

1.18

10

0.25

0.15

8

PVP

49

178

8

240

0.61

1

0.05

0.05

8

PVP

42

178

9

1.42

270

1

0.05

0.15

2

PVP

231

1.54

10

240

10

0.05

0.15

8

OA

58

158

0.26

11

270

10

0.05

0.05

2

OA

58

141

0.18

12

240

1

0.25

0.05

2

OA

49

179

1.28

13

270

1

0.25

0.15

8

OA

82

203

0.27

14

240

10

0.25

0.15

2

PVP

49

172

0.31

15

270

10

0.25

0.05

8

PVP

46

151

0.38

16

255

5.5

0.15

0.1

5

OA

60

144

0.56

17

255

5.5

0.15

0.1

5

PVP

34

197

0.89

18

240

1

0.05

0.15

2

PVP

> 100

212

0.63

19

270

10

0.05

0.15

8

OA

32

123

0.31

20

270

1

0.25

0.05

2

OA

53

142

0.21

21

240

10

0.25

0.05

8

PVP

68

160

0.46

22

270

10

0.25

0.15

2

PVP

49

197

0.95

23

240

1

0.05

0.05

2

PVP

64.7

119

0.58

24

270

1

0.05

0.15

8

PVP

58

162

0.43

25

240

10

0.05

0.15

2

OA

47

172

1.72

26

270

10

0.05

0.05

8

OA

54

160

0.53

27

270

1

0.25

0.15

2

OA

302

1.09

28

240

10

0.25

0.15

8

PVP

60

146

1.69

29

255

5.5

0.15

0.1

5

OA

76

192

0.55

No.

Surfactant

0.09

Note: OA— oleic acid.

(Alfa Aesar). Both flow and temperature distributions were
uniform across the 16 channels with relative standard errors
of ± 1.3% and ± 0.7%, respectively. Above 200 °C, all the channels containing Pd/Al2O3 showed uniform conversions with
a relative standard error of ± 3.5%. All standard errors were
calculated on a 95% confidence interval.
CO oxidation activity tests for the Co 3O 4 nanoparticles
were carried out using 50 mg of catalyst per channel under a 2% CO/8% O 2/N2 gas stream at a space velocity of
60 000 mL . h –1.g–1cat . The reactor effluent composition was
measured via FTIR at intervals of 25 °C between 25 °C and
300 °C. Time on stream was 30 min per temperature, with
ramp-up and stabilization between temperatures requiring
less than 10 min. Catalyst-bed temperatures were measured
for each channel and used in subsequent calculations. Again,
a single channel was left empty of catalytic material in each
experiment to ensure zero conversion of the empty reactor
tubes. All catalytic activities were tested under atmospheric
pressure. The synthesis conditions of each catalyst tested are
listed in Table 1.
In a typical experiment, several IR spectral images were
taken at each temperature point and averaged to improve
the SNR of the spectra. Subsequently, univariate calibrations
were applied to quantify both the CO and CO2 outlet concen-

trations from the IR pathlength and the absorbance of the CO
and CO2 vibrational bands. In all cases, the carbon balance
over the conditions studied was closed within ± 1.5%. From
this information, catalytic activities were calculated in the
range from 0.09 ± 0.003 to 1.72 ± 0.06 mL.(g-s)–1, taking into account the precise catalyst mass, flow rate, and CO converted
in each channel. Light-off temperatures (T50) at 50% CO conversion ranged from 119 °C to 302 °C.
The results were used to develop a predictive model correlating the aforementioned cobalt synthesis parameters
with CO oxidation activity at 200 °C. Factorial analysis and
model regression were performed using Minitab statistical
software [81]. Specifically, 23 of the Co 3O 4 catalysts tested
with the HT system were used to fit the statistical model,
while the remaining 6 were used for validation. Only
terms with a P < 0.05 were included in the statistical model. It has been found that cobalt concentration, surfactant
concentration, and surfactant type are the most significant
main effects. Further analysis of the significant two-way
interaction effect for ramp rate and temperature showed
that increasing ramp rate positively influences activity at
low synthesis temperatures, but has an opposite influence
at high synthesis temperatures. This interaction is shown
in the contour map in Figure 4.
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Figure 4. Contour plot obtained from statistical model. CO oxidation
activity at 200 °C (mL∙(g-s)–1). The hold values were 0.05 mol·L–1 of surfactant
concentration, 0.1 mol·L–1 of cobalt concentration, R = 2 of molar ratio, and PVP.

The predictive ability of the statistical model is shown in
Figure 5. The predicted activity of the model development
points and validation points matched well with the experimental activity. Model reproducibility was evaluated by carrying out repeated synthesis and catalytic testing on several
design points (validating data points). Between replicates,
differences ranged from 0.41% to 6.39% and did not change
the predictive model appreciably. This result demonstrates
the usefulness of the HT system in resolving the changes in
catalytic performance produced by the breadth of the synthesis conditions studied.
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6 Conclusions
HTE can dramatically improve catalyst discovery, development, and deployment. Over the years, many HT screening
techniques have been utilized to evaluate the activity of catalysts in a parallel fashion. Among these techniques, rapid-
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scanning HT-FTIR imaging was first proposed in our group
almost two decades ago and was applied successfully to
screen heterogeneous catalysts for many applications including NH3 decomposition, SCR of NOx, and ethylene epoxidation.
Here, we report the new design of the 16-channel HT reactor
and FTIR system. The performance of the system was rigorously tested for accuracy and reproducibility. The system
was shown to exhibit nearly uniform flow rates, gas compositions, and heating profiles across all channels. Reaction results were found to be reproducible over both single-catalyst
and multiple-catalyst studies, with an overall error of ± 3.5%.
The activity of cobalt oxide nanoparticles for CO oxidation
was measured and a statistical model was developed to correlate synthesis parameters to the activity.
The factorial analysis of CO oxidation on cobalt oxides
proved useful in probing the synthesis parameter design
space and in directing future studies. An accurate and reproducible model correlating Co3O4 synthesis parameters with
CO oxidation activity was quickly formulated by pairing
DOE with the HT reactor and rapid-scanning FTIR system.
Several regions of interests have been investigated, with the
most promising being the high/low combinations of the synthesis temperature/ramp rate interaction. In the future, the
model will be further validated by testing points outside of
the range studied and a response surface study will be conducted in order to reach a full understanding of the underlying complexities.
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